We present simulated observations to assess the ability of LSST and the WFD survey to detect and characterize kilonovae -the optical emission associated with binary neutron star (and possibly black hole -neutron star) mergers. We expand on previous studies in several critical ways by exploring a range of kilonova models and several choices of cadence, as well as by evaluating the information content of the resulting light curves. We find that, depending on the precise choice of cadence, the WFD survey will achieve an average kilonova detection efficiency of ≈ 1.6 − 2.5% and detect only ≈ 3 − 6 kilonovae per year. The detected kilonovae will be within the detection volume of Advanced LIGO/Virgo (ALV). By refitting the best resulting LSST light curves with the same model used to generate them we find the model parameters are generally weakly constrained, and are accurate to at best a factor of 2 − 3. Motivated by the finding that the WFD will yield a small number of kilonova detections, with poor light curves and marginal information content, and that the detections are in any case inside the ALV volume, we argue that target-of-opportunity follow-up of gravitational wave triggers is a much more effective approach for kilonova studies. We outline the qualitative foundation for such a program with the goal of minimizing the impact on LSST operations. We argue that observations in the gz-bands with a total time investment per event of ≈ 1.5 hour per 10 deg 2 of search area is sufficient to rapidly detect and identify kilonovae with 90% efficiency. For an estimated event rate of ∼ 20 per year visible to LSST, this accounts for ∼ 1.5% of the total survey time. In this regime, LSST has the potential to be a powerful tool for kilonovae discovery, with detected events handed off to other narrow-field facilities for further monitoring.
INTRODUCTION
The discovery of an optical counterpart associated with the binary neutron star merger GW170817 was a watershed moment in the development of joint gravitational wave and electromagnetic (GW-EM) astronomy (Abbott et al. 2017b,c; Arcavi et al. 2017; Coulter et al. 2017; SoaresSantos et al. 2017; Valenti et al. 2017) . Modeling of the resulting UV/optical/NIR light curves revealed behavior consistent with that of a kilonova (Cowperthwaite et al. 2017; Drout et al. 2017; Kilpatrick et al. 2017; Tanaka et al. 2017; Villar et al. 2017b; Tanaka et al. 2018; Villar et al. 2018 ), a transient powered by radioactive decay of r-process material synthesized in the ejecta from mergers of compact object binaries involving at least one neutron star (see Metzger 2017 , for a review). The identification of an optical counterpart also enabled a range of other critical studies, including: extensive optical and NIR spectroscopic observations (Chornock et al. 2017; Nicholl et al. 2017b; Shappee et al. 2017) , the dis- * Hubble Fellow, pcowperthwaite@carnegiescience.edu covery of radio and X-ray emission which demonstrated the presence of an off-axis jet (Alexander et al. 2017; Hallinan et al. 2017; Margutti et al. 2017; Troja et al. 2017; Lazzati et al. 2018; Margutti et al. 2018; Mooley et al. 2018) , studies of the host galaxy (NGC4993, see e.g., Blanchard et al. 2017; Cantiello et al. 2018) , joint GW-EM constraints of the neutron star equation of state (see e.g., De et al. 2018; Abbott et al. 2018; Radice et al. 2018) , and independent measurements of local cosmological parameters (H 0 , see e.g., Abbott et al. 2017a; Guidorzi et al. 2017) .
Building upon the success of GW170817 and expanding GW-EM science relies on on-going improvements in the GW detector network. Over the next few years Advanced LIGO and Virgo (ALV) will reach their design sensitivity, while additional interferometers, KAGRA in Japan (Aso et al. 2013) and LIGO-India (Unnikrishnan 2013) , will join the network. In this multi-detector regime, binary neutron star mergers will be detected to ∼ 200 Mpc (and several hundred Mpc for NS-BH mergers) and localized to ∼ 10 deg 2 (Fairhurst 2014; Chen & Holz 2016) .
Similarly, we expect that at the larger detection distances next generation optical facilities may be crucial for counterpart identification. One such facility, the Large Synoptic Survey Telescope (LSST, Ivezic et al. 2009 ), will be the premiere time-domain instrument in the Southern hemisphere during the next decade. LSST, with an 8.4-m primary mirror and a 9.6 deg 2 field-of-view, is well suited to the task of gravitational wave follow-up.
Maximizing the potential of LSST requires the development of efficient and effective strategies for gravitational wave follow-up. This includes an investigation of both kilonovae detected in the LSST main survey (with and without associated GW signals), as well as via target-of-opportunity follow-up of GW-triggered events. Scolnic et al. (2018) addressed the first point by injecting model light curves of the kilonova associated with GW170817 from Cowperthwaite et al. (2017) into the LSST wide-fast-deep (WFD) survey using the current cadence (minion_1016). They found that LSST should detect ∼ 7 GW170817-like kilonovae per year. However, these kilonovae will have only 4 − 5 data points per event, leading to poorly-sampled light curves and delayed identification. As a result, identification and modeling of these kilonovae will be challenging. Furthermore, only ∼ 15% of these kilonovae are expected to be detected within the detection volume of the GW network at design sensitivity, indicating that GW detections of these kilonovae will be unlikely.
This led Scolnic et al. (2018) to suggest that target-ofopportunity observations of GW-triggered events are a more promising approach. A similar conclusion was reached in a model-agnostic study of the probability that baseline LSST operations will observe a GW localization region by pure chance, finding that the likelihood was vanishingly small (see Chapter 6.5; LSST Science Collaboration et al. 2017 ).
Here we expand on the work of Scolnic et al. (2018) in several critical ways. First, we increase the variety of kilonovae model light curves injected into the LSST WFD survey with several choices of observing cadence. This is accomplished by constructing models from a wider range of ejecta masses and compositions to fully explore the potential range of kilonovae brightness, timescale, and colors. Second, we model the resulting light curves from the WFD survey to assess their information content. Lastly, we discuss the design and benefits of target-of-opportunity observations triggered by the detection of a GW event.
This paper is organized as follows: In Section 2 we describe the kilonova models used in our simulated observations. In Section 3 we describe our methodology for simulating LSST observations in the context of three different cadences using the SNANA analysis package. In Section 4 we present the results of our simulated WFD survey observations of kilonovae. In Section 5, we discuss target-of-opportunity strategies with LSST. We conclude with a summary of the key results in Section 6.
All magnitudes presented in this work are given in the AB system. Cosmological calculations are performed using the cosmological parameters H 0 = 67.7 km s −1 Mpc −1 , Ω M = 0.307, and Ω Λ = 0.691 (Planck Collaboration et al. 2016 ).
KILONOVA MODELS
A kilonova is an isotropic UV/optical/NIR (UVOIR) thermal transient powered by radioactive decay of r-process material synthesized during the merger of a compact object binary containing at least one neutron star. In this scenario, the merger is expected to produce a small amount of ejecta (M ej 0.1 M ), which is typically neutron-rich Kyutoku et al. 2015; Metzger 2017; Siegel & Metzger 2017) . Heavy nuclei synthesized as the ejecta expands and decompresses are unstable and will decay on a wide range of timescales depositing energy into the ejecta which powers the kilonova emission (Li & Paczyński 1998; Metzger et al. 2010; Barnes & Kasen 2013; Tanaka & Hotokezaka 2013; Metzger 2017) .
The exact nature of the kilonova emission depends strongly on the composition of the ejecta, specifically the neutronrichness which is parametrized by the electron fraction (Y e ). If the material is very neutron-rich (Y e 0.25), then the ejecta will undergo strong r-process nucleosynthesis, producing heavy elements (A > 140), particularly those in the lanthanide and actinide series. As a result, the ejecta will have a high opacity (κ 10 cm 2 g −1 ). The resulting "red" kilonova will then be faint; with a peak bolometric luminosity of L p ∼ 10 40 − 10 41 erg s −1 , red (i − z 0.3), and exhibit a timescale of t p ∼ 1 week (Barnes & Kasen 2013; Tanaka & Hotokezaka 2013) . If instead the material is less neutronrich (Y e 0.25), then the ejecta will undergo light r-process nucleosynthesis, producing Fe-group and light r-process elements (A 140), and the ejecta will have a lower opacity (κ ∼ 0.1 cm 2 g −1 ). The resulting "blue" kilonova will be brighter L p ∼ 10 41 − 10 42 erg s −1 , bluer (i − z 0), and exhibit a shorter timescale of t p ∼ 1 day (Metzger et al. 2010; Metzger & Fernández 2014) .
In practice, the observed kilonova will exhibit some combination of both "red" and "blue" features. This behavior was seen in the kilonova associated with GW170817, where the multi-band UVOIR light curve was best described by a threecomponent model consisting of "red" (κ ∼ 10 cm 2 g −1 ), "purple" (κ ∼ 3 cm 2 g −1 ), and "blue" (κ ∼ 0.1 cm 2 g −1 ) r-process powered components (Cowperthwaite et al. 2017; Villar et al. 2017b ). This three-component approach was first suggested by Tanaka et al. (2017) as a good approximation to the more complex opacity behavior seen in detailed radiative transport simulations. The three-component approach is also physi- cally motivated as the different emission components may arise from different sources of ejecta present in the merger. The "blue" emission may arise from neutron-poor ejecta in the polar region where material is shock-heated during the NS collision (Oechslin et al. 2007; Bauswein et al. 2013; Sekiguchi et al. 2016) or if the ejecta is irradiated by neutrinos from a long-lived merger remnant (Fernández & Metzger 2013; Just et al. 2015; Kasen et al. 2015) . The "purple" and "red" emission may arise from ejecta produced in the tidal tails during merger (Rosswog et al. 1999; Hotokezaka et al. 2013) or wind outflows from a post-merger accretion disk (Just et al. 2015; Siegel & Metzger 2017) . However, it is currently unknown if the behavior observed in GW170817 is ubiquitous, and whether it depends on parameters such as the mass ratio, the nature of the binary, and viewing orientation.. For example, if the "blue" emission is indeed constrained to the polar regions of the ejecta then it may not be observable for all viewing angles, whereas the more isotropic "red" emission from tidal tails or post-merger disks will be ubiquitous.
We explore this potential diversity in the context of LSST observations by producing a grid of models that cover a range of ejecta parameters. We generate synthetic spectral energy distributions (SEDs) for kilonovae spanning 0.2 − 1.5 µm using the kilonova model built into the MOSFiT light curve fitting package (Guillochon et al. 2017; Nicholl et al. 2017a ). The kilonova model is discussed in Villar et al. (2017b) and describes a three-component kilonova (Metzger 2017; Villar et al. 2017b ). Each component is described by the rprocess model (see e.g., Villar et al. 2017a ) parametrized by the ejecta mass (M ej ), velocity (v ej ), and gray opacity (κ).
We produce three-component kilonova models consisting of "blue," "purple," and "red" components. For each component, we make three physically motivated choices of possible ejecta masses starting from the best fit posteriors for GW170817 from Villar et al. (2017b) Kyutoku et al. 2015; Barnes et al. 2016; Cowperthwaite et al. 2017; Metzger 2017; Villar et al. 2017b) , namely v ej,blue = 0.25c and v ej,red/purple = 0.15c. Similarly, following GW170817 for physical guidance, we fix the SED temperature floors at T floor,blue = 800 K, T floor,purple = 1250 K, and T floor,red = 3800 K. Lastly, the grey opacities are fixed at κ blue = 0.5 cm 2 g −1 , κ purple = 3 cm 2 g −1 , NOTE-Summary of the expected kilonova detection efficiencies and rates for each choice of WFD survey cadence and each choice of light curve criteria (see Section 4.1). We also compute the expected rates within the average and maximum ALV BNS sensitivity range, finding that the majority of kilonova expected to be detected by LSST will also be found with GW observations. and κ red = 10 cm 2 g −1 . We combine all permutations of components and ejecta masses to produce a final set of twentyseven model light curves that cover a range of brightnesses, timescales, and colors. These model light curves in the LSST bands (ugrizY ) are shown in Figure 1. 3. SIMULATING LSST OBSERVATIONS
WFD Survey Observations
We produce simulated observations of the 27 kilonova model permutations in the LSST WFD survey using the SNANA simulation package (Kessler et al. 2009 ). SNANA produces synthetic light curves using the kilonova models described in Section 2 and a cadence library that contains a list of observations and observing conditions such as the photometric zero point, sky noise, and point spread function (PSF). For the LSST WFD survey, we produce this cadence library using the LSST Operations Simulator (OpSim, Reuter et al. 2016) . This is a publicly available package designed to produce realistic simulations of LSST scheduling and imaging over the ten year duration of the survey. These simulations provide realistic information about observations including cadence, observing conditions due to telescope or environmental factors, and image characteristics.
In addition to the most recent OpSim reference run (minion_1016, hereafter WFDM), we explore two additional choices of cadence for the WFD survey: (i) an alternative scheduler (hereafter WFDD 1 ) which scans along with the meridian using scheduled blocks rather than a greedy optimizer, and increases the number of nightly filter changes; and (ii) a rolling cadence (hereafter WFDR), which toggles between rapid and slow cadences across different sections of the sky for different years and is optimized over certain features including 5σ limiting depth, target goal map, and slewtime.
1 http://altsched.rothchild.me:8080/ We inject 200,000 model light curves into each of the three choices of cadence. For each injection, we uniformly choose a random model from the set of twenty-seven described in Section 2. The chosen model is injected at a random sky position in the LSST WFD survey footprint and at a random time, both chosen uniformly. The model is injected at a random distance out to a maximum of
The distance is chosen uniformly to ensure there are enough sources for robust statistics at small distances. This approach allows us to compute LSST all-sky efficiencies and determine the total number of expected kilonovae detected during the survey duration (see Section 4).
Target-Of-Opportunity Observations
We simulate target-of-opportunity observations by constructing custom cadence libraries for use with SNANA. These cadence libraries simulate two sets of grizY observations on the first night after a GW detection, followed by one set per night on the subsequent 6 nights 2 . The two epochs on the first night are separated by three hours to facilitate studies of the rapid early time evolution. The individual observations in these cadence libraries are built using realistic LSST observing conditions from OpSim, allowing us to explore target-of-opportunity observations across a wide range of realistic observing conditions. Lastly, to assess the effect of integration time on our ToO design, we probe a range of integration times from 30 s (as in the WFD survey) up to 1200 s.
As described in Section 3.1, we inject 200,000 model light curves (for each choice of exposure time) into our ToO cadence, with the exception that we use a maximal BNS detection range of D max ≈ 450 Mpc. The light curves are placed out of phase with the first observation by a uniformly chosen offset time of 3 − 24 hr. This is done to represent a realistic range of delays that could affect the start time of the ToO program (e.g., telescope availability, weather, waiting for the . Detection efficiency for kilonovae as a function of distance for each choice of WFD cadence explored in this work. The efficiencies for each criterion: (i) "detection" (red), (ii) "rise" (orange), (iii) "color" (light blue), and (iv) "both" (dark blue), are shown individually (see Section 4.1). We note that for the WFDD cadence the "detection"/"color" and "rise"/"both" lines overlap as the nightly filter changes allow the light curves to easily satisfy the "color" criterion. target region to become accessible). These considerations allow us to conduct realistic simulations and determine optimal strategies for follow-up (see Section 5).
WFD SURVEY ANALYSIS AND RESULTS
In this section we investigate two primary questions. First, the number of kilonovae that will be detected in the WFD survey based on the choice of cadence. Second, the quality (or information content) of the resulting light curves, and in particular whether they can be used to extract physical information such as mass, velocity, and composition.
Detection Criteria
We first define the following minimal criteria for detection of a kilonova along with key information required for better characterization: 2). The detection rates for each criterion: (i) "detection" (red), (ii) "rise" (orange), (iii) "color" (light blue), and (iv) "both" (dark blue), are shown individually (see Section 4.1). The total rate of kilonovae detections is ∼ 3 − 6 events per year depending on cadence. The vertical black lines indicate distances of 200 Mpc (solid) and 450 Mpc (dashed), the average and maximal ALV BNS detection distances. The horizontal dot-dashed line represents the threshold at which a single event would be detected in the entire ten year survey.
1. We define a "detection" as any light curve that has at least 3 observations with S/N > 5, with at least two of these observations occurring in the same filter. These three observations can be across any combination of times and filters.
2. We define a "rise" as any light curve that exhibits a > 3σ increase in flux between two observations in the same filter. This light curve must also satisfy the requirements for a detection. These will be events in which the peak brightness can be roughly estimated.
3. We define a "color" measurement as any light curve with S/N > 5 in two independent filters observed within 24 hours of each other. The time constraint is necessary as the colors of kilonovae evolve rapidly. As Only ∼ 10% of sources will have more than 6 − 8 data points. This amounts to ∼ 3 − 6 kilonovae over the ten year survey, depending on the choice of cadence.
with the rise criterion, this light curve must also satisfy the requirements for a detection.
We apply these criteria to all 200,000 light curves in our simulated observations. We define the efficiency as the number of kilonovae detected from the total population of injected sources, including sources injected "off-season" (i.e., at times and sky locations unobservable by LSST).
We find that the WFDD cadence performs the best with a total efficiency of WFDD = 2.5%, while WFDM and WFDR have WFDM = 1.6% and WFDR = 1%, respectively. The recovery efficiency has a sharp dependence on the distance of events, and kilonovae beyond 500 Mpc are generally not detected. The efficiency rises to WFDD = 32%, WFDM = 24%, and WFDR = 12% for sources within 100 Mpc and WFDD = 11%, WFDM = 6.8%, and WFDR = 4.3% for sources within 450 Mpc (e.g., the maximal ALV BNS distance). The efficiency curves as a function of distance are shown in Figure 2 .
We also investigate the efficiency at which detected kilonovae satisfy our "rise" and "color" criteria. The WFDM cadence results in a factor of two reduction in efficiency for the "rise" criterion ( rise,WFDM = 0.8%) and a further reduction in efficiency for the "color" criterion ( color,WFDM = 0.3%). The efficiency for sources that satisfy both criteria is both,WFDM = 0.2%. The WFDR cadence also results in approximately a factor of two reduction in efficiency for all additional criteria with rise,WFDR = 0.6%, color,WFDR = 0.4%, and both,WFDR = 0.3%. Lastly, the WFDD cadence results in a similar drop in efficiency for the "rise" criterion ( rise,WFDD = 1.6%), but the more rapid filter changes result in a negligible reduction in efficiency for the "color" criterion ( color,WFDD = 2.4%). The efficiency for satisfying both conditions is therefore limited by the "rise" criterion ( both,WFDD = 1.6%). These additional efficiencies as a function of distance are shown in Figure 2. 
WFD Detection Rates
We now compute the total number of kilonovae expected to be detected in the LSST WFD survey. We compute this quantity using the following expression:
where R is the volumetric rate of kilonovae, (z) is the efficiency as a function of redshift, and dV /dz is the differential comoving volume (see e.g., Hogg 1999). The term Ω LSST represents the total LSST survey area (Ω LSST ≈ 18, 000 deg 2 ). We assume the rate of kilonovae is the rate of BNS mergers derived by LIGO during the second observing run (R ∼ 1500 Gpc −3 yr −1 , Abbott et al. 2017b ). We assume that R does not evolve over the relevant small redshift range. We additionally note that while the merger rate still has large uncertainties, our efficiency as a function of distance is robust.
We perform the above calculation for each choice of cadence. We find that the WFDD cadence performs the best with an expected rate of N tot,WFDD ≈ 6.6 detections per year (i.e., sources that satisfy criterion 1). The WFDM and WFDR cadences lead to N tot,WFDM ≈ 3.7 and N tot,WFDR ≈ 3.0 detections per year, respectively. In all three cases these numbers are lower than those found by Scolnic et al. (2018) , but this is readily attributed to the stricter detection criteria utilized here (which we stress are still rather forgiving).
We also compute detection rates for each choice of cadence using the efficiencies computed for the "rise" and "color" criteria. We find that the WFDD cadence continues to perform the best with N rise,WFDD ≈ 3.4, N color,WFDD ≈ 6.4, and N both,WFDD ≈ 3.3 detections per year. Fraction of Events WFDM WFDD WFDR Figure 5 . Distribution of the delay time between merger and both the first S/N > 5 observation (top panel) and meeting our detection criteria (bottom panel), for detected events. While 40 − 50% of kilonovae may be observed within one day, the slow WFD cadence means that only ∼ 10% will be detected within two days of merger.
1.7, N color,WFDM ≈ 0.8, and N both,WFDM ≈ 0.4 detections per year. This indicates that the number of detected kilonovae with useful scientific information (i.e. rise, peak, and color) will be low, regardless of cadence. Lastly, we compute the detection rate for events found within the ALV detection volume. Here we just focus on events that satisfy the first detection criterion within 200 Mpc and 450 Mpc, the average and maximal BNS detection distances. Considering sources within 200 Mpc, we find N 200 Mpc,WFDD ≈ 3.4, N 200 Mpc,WFDM ≈ 1.9, and N 200 Mpc,WFDR ≈ 1.3 detections per year. For sources within 450 Mpc we find N 450 Mpc,WFDD ≈ 6.5, N 450 Mpc,WFDM ≈ 3.5, and N 450 Mpc,WFDR ≈ 2.9 detections per year. This indicates that the bulk of kilonovae expected to be detected by the WFD survey will be within the ALV detection volume.
Kilonova Data Quality
We next investigate the data quality (beyond the simple "detection" criterion) of the detected kilonovae. First, we investigate the distribution of events as a function of the number of observations with S/N > 5, independent of filter. Second, we investigate the distribution of time delay between when the light curve is injected into the WFD survey (t injection ) and the first S/N > 5 detection, in any filter, for a given event.
We additionally compute the delay time between t injection and when an event satisfies our detection criterion.
In Figure 4 we show the cumulative distribution of detected events for each cadence as a function of the number of S/N > 5 observations. We find, across all choices of cadence, that 80% of events will have fewer than five to seven S/N > 5 observations across all filters. Furthermore, only the WFDD and WFDR cadences produce any light curves with more than 20 S/N > 5 observations. However, these represent only the top ≈ 0.5% of events. Given the low detection rates inferred in Section 4.2, the likelihood of such events being found in the WFD survey is low. Therefore, the majority of detected kilonovae will have light curves that are too sparsely sampled to extract useful information about the event (see Section 4.4).
In Figure 5 we show the cumulative distribution function as a function of both the time to reach a "detection" (three S/N > 5 observations) and the time delay between t injection and the first S/N > 5 observation. We find that 50% of sources will be observed within 1 day of t injection for the WFDM and WFDD cadences and within 12 hours for the WFDR cadence. All three cadences will allow LSST to observe 90% of events within 3 − 4. However, these events will not satisfy our detection criterion until much later. Indepen- Figure 6 . Top Two Rows: Simulated observations and model light curves for kilonovae in the WFDM cadence. These light curves represent the top 10% of all detected events in terms of the number of data points (representing 3 − 6 events in the entire ten year survey). Middle Two Rows: Posteriors for ejecta mass as a function of component, relative to the injected value. Bottom Two Rows: Posteriors for ejecta velocity as a function of component, relative to the injected value. dent of cadence, only ≈ 50% of kilonovae satisfy our detection criterion after 3 − 5 days, while 10% of kilonovae do not satisfy our detection criterion until > 2 weeks. This delay will reduce the effectiveness of triggering follow-up observations (e.g., spectroscopic and multi-wavelength observations) for detected events. These additional observations are crucial for building a complete understanding of kilonovae.
Modeling the Light Curves of Recovered Kilonovae
Lastly, we investigate our ability to extract key model parameters for detected kilonovae. As stated in Section 4.3, ac- curate modeling of the light curves is essential to maximize the science return from a given event. Here, we are primarily focused on the accuracy of the recovered ejecta mass (M ej ) and ejecta velocity (v ej ) to facilitate robust comparison to simulations. Specifically, accurate determination of M ej provides insight into mergers involving neutron stars as primary sites of cosmic r-process production, the physical origin of ejecta (e.g., tidal vs. winds), and information about the binary components and remnant compact object. Likewise, v ej is a crucial diagnostic for determining physical mechanisms for ejecta components.
To provide a view of the best case scenario, we randomly select 10 light curves (from each cadence) in the 90th percentile of events based on the number of S/N >= 5 observations. Depending on the individual efficiency of each cadence (see Section 4.2), these light curves are a representative sample of the best 3 − 6 events from the entire 10-year WFD survey. We refit each light curve with MOSFiT, applying the same three-component model that was used to generate the light curves. This model has 7 free parameters (ejecta mass and velocity per component, and a single scatter term). We stress that since these represent the highest quality light curves, all of the events actually occur within the ALV BNS detection volume. Therefore we assume that the distance and merger time are known and can be fixed during fitting. Additionally, the temperature floor parameter is fixed at the injected value to reduce the number of free parameters, as it is most relevant at later times. We do not make any additional assumptions about the intrinsic nature of the source or ejecta properties and do not alter the priors based on our knowledge of the injected model. We run each model to convergence as described in Villar et al. (2017b) . The data and best fit light curves are shown in the top two rows of Figure 6 Cadence) . We find that, in general, the recovered masses differ from the injected values by a factor of 2 − 3, but with large uncertainties. For the worst events, the fitted mass can be off by a factor of 6 − 8. This is also shown in Figure 9 , in which we plot the injected versus fitted ejecta masses for each component, as well as the total ejecta mass. We find that the total ejecta mass for the system is generally underestimated by less than a factor of 2. Lastly, we note that the more accurately determined masses come from light curves with observations before or around the peak, highlighting the importance of early detection.
The fitted velocity (v fit ) posteriors scaled to the injected velocity (v true ) are shown in the bottom two rows of Figure 6 (WFDM Cadence), Figure 7 (WFDD Cadence), and Figure 8 (WFDR Cadence). We find that in general, the ejecta velocity is similarly constrained to within a factor of 2 − 3, but again with large uncertainties. This is shown on a per component basis in Figure 10 . We find that the velocity of the faster "blue" component is typically over-estimated, while the velocity of the slower "red" component is systematically underestimated. This results in the total kinetic energy of the ejecta being overestimated, as seen in the top left panel of Figure 10 . Unlike with the connection between observations around peak and accurate determination of the ejecta mass, there is no obvious link between the qualitative properties of the light curve and the accuracy of the fitted velocities.
Final Considerations
The key point emerging from this study is that despite the large étendue of LSST, the WFD survey will be relatively inefficient at finding kilonova, even with a loose definition of detection as 3 data points. This is true independent of the survey cadence for the realistic choices tested in this work. More importantly, we have shown that only ∼ 10% of detected kilonovae will have sufficient light curve data for more detailed studies. This is approximately 3 − 6 events over the entire survey duration all of which are sufficiently nearby to be detected by ALV anyway. However, even in these most optimistic cases it is not always the case that ejecta parameters can be accurately characterized to better than a factor of 2 − 3. This suggests that the science returns from the meager LSST kilonova sample will be minimal.
The low efficiency of the main survey also suggests that the likelihood of a serendipitous joint detection between ALV and LSST is vanishingly small. While LSST may observe a reasonable fraction (40 − 50%) of kilonovae at early- times, the slow cadence results in only a small fraction of events being detected (∼ 10% within two days of merger). These delays will severely limit the ability to perform multiwavelength follow-up observations, which were found to be crucial for maximizing our understanding of GW170817.
LSST TARGET OF OPPORTUNITY OBSERVATIONS OF GW TRIGGERS
Given the shortcomings for kilonova identification and study in the WFD survey, we now turn to an investigation of ToO observations of GW-triggered events. In this section, we outline several key considerations required for the development of a successful ToO program. The principle guiding these considerations is the exploration of a minimal set of observations that can rapidly identify kilonovae, followed by observations with other facilities for further observation. These considerations include: exposure design (integration time, choice of filter, etc.), timing (cadence, promptness of response times), and source identification (detection criteria, contaminant rejection). Of course, more time can be allocated in favorable or unique circumstances (see Section 5.3), but the goal here is to minimize the impact on the baseline LSST operations. These suggestions represent the crucial first steps towards the development of an effective and efficient GW ToO program with LSST.
Requirements for Detection
We first address the issue of selecting ToO specific detection criteria. In particular, we investigate the ability of LSST to rapidly detect kilonovae. The light curve evolution in both timescale and luminosity is a strong function of filter. Therefore, we investigate the exposure time necessary to obtain robust detections in each filter. We accomplish this by running our ToO simulations (Section 3.2) using a grid of integration times spanning from 30 − 1200 s. We then investigate what fraction of kilonovae are detected at S/N ≥ 5, at least three times, in each filter 3 . The efficiency curves, per filter, as a function of distance are shown in Figure 11 . We find that integration times of 120 s are sufficient to obtain robust early-time detections of kilonova to 200 Mpc (the average ALV BNS detection distance) across all filters. However, for redder filters (e.g., i and z), integrations times as short as 60 s are sufficient to achieve a 90% detection efficiency. Achieving a similar detection efficiency for more distant sources (e.g., favorably aligned BNS mergers or NS-BH mergers), will require integration times of 180 − 300 s depending on the choice of filter. Lastly, we note that since our simulations use realistic outputs from OpSim, these efficiencies include losses due to Distance [Mpc] y-band 0 100 200 300 400 500
Distance [Mpc] z-band 0 100 200 300 400 500
Distance [Mpc] r-band Figure 11 . Detection efficiency for kilonovae in our ToO simulation as a function of filter, integration time, and distance.
weather and other environmental factors (e.g., moon brightness). Therefore, while the integration time could in practice be adjusted depending on the exact distance and observing conditions, we will use a fiducial integration time of 180 s in this discussion.
Choice of Filters
We next discuss the choice of filters required to make rapid and robust detections of kilonovae in LSST observations. In this context of prompt discovery, it is not necessary nor efficient to conduct observations in all available bands. Rather, we argue that observations in g and z-bands are sufficient to capture the range of kilonovae behavior required for rapid identification. Broadly speaking, the red colors of kilonovae are a strong discriminator against other optical transients (see e.g., Cowperthwaite & Berger 2015; Doctor et al. 2017) . For example GW170817, despite the unexpectedly bright blue component, was redder than supernovae even at early times (e.g., 12 hours, see Cowperthwaite et al. 2017) .
More specifically, the choice of g + z observations will allow observations to probe the near extremes of the optical SED, without the possible loss of throughput in u and Ybands. This will capture unique light curve evolution across a diverse range of possible kilonova models. For example, the models used in this work exhibit g − z colors that redden from g−z ≈ −0.5 mag at ∼ 3 hours to g−z ≈ 0.2 mag at ∼ 12 hours and further redden to g − z ≈ 1 mag in ∼ 1 day. In the absence of blue emission, the source will promptly exhibit rapid color evolution and likely non-detections in g-band.
Impact of Rapid Follow-Up on Cadence
A key strength of LSST targeted follow-up will be its ability to place deep constraints on the early behavior of kilonovae in circumstances where the sky position and time are favorable for prompt follow-up. If the target field can be observed within minutes of merger, then a monitoring program should be initiated in the g, z filters with a cadence that is a doubling of the response time (when applicable). For example, if observations of the field commence at ten minutes post-merger, the program cadence would have observations at +10, +20, +40, +80, etc., until identification (ideally no more than five epochs). These observations would capture the kilonova as a rapidly rising source with an evolution that is much more rapid than typical supernovae. Such observations will be essential for understanding the early behavior of kilonovae and unveiling new emission mechanisms (e.g., shock cooling Piro & Kollmeier 2018 or a neutron "precursor" Metzger et al. 2015) .
In scenarios where rapid response is not possible, a successful ToO strategy should still strive to obtain two or more sets of observations per night, separated by ≈ 3 hours. The rapidly changing nature of kilonovae light curves means that observations taken even 24 hours apart may capture very different stages of evolution. This was seen in GW170817 where g-band observations revealed a much hotter and bluer transient than similar observations taken just a few hours later (see e.g., Cowperthwaite et al. 2017; Drout et al. 2017) . Multiple observations on the same night will also allow more rapid identification of kilonovae candidates, allowing more effective follow-up with complimentary facilities and potentially reducing the overall impact on LSST operations.
Ultimately, the choice of ToO cadence will be largely determined by the response time. In the case of possible rapid response (e.g., within minutes), an intra-night doubling cadence with about five epochs will provide unprecedented insight into the early behavior of kilonovae, while at the same time minimizing the impact on LSST operations. This will allow the counterpart to be identified and monitored while narrow-field telescopes take over the longer-term monitoring. On the other hand, if only a delayed response is possible (due to observing constraints) then two epochs on the first night (separated by a few hours), followed by a possible pair of epochs on the second night will ensure discovery of the counterpart (at which point it can be followed up by narrowfield telescopes). Thus, in either regime we anticipate that at most 4 − 5 epochs of observations will be required, minimizing the impact on LSST operations.
Contamination Rejection
An important factor impacting our ability to rapidly detect and identify kilonovae is contamination from unrelated background and foreground sources. While the LSST main survey will produce numerous transient alerts in a given night of observing, there are several factors that will minimize the impact of contamination on ToO observations. These include:
1. Previous studies have shown that the colors and timescales of kilonovae can be used to separate them from other transient populations (see e.g., Cowperthwaite & Berger 2015; Doctor et al. 2017; Cowperthwaite et al. 2018 ). Kilonovae will appear redder and evolve more rapidly than other common transients such as supernovae.
2. Despite the high detection rate of LSST, the actual rate of new transients that appear during the narrow observing window and in the relatively small sky area will be low compared to a complete night of survey operations.
3. Previous imaging of the targeted sky area will be able to eliminate the presence of previously-existing transients that are older than ∼3 days, while continued monitoring will quickly eliminate longer-lived transients.
4. Rapidly evolving unclassified transients (see e.g., Drout et al. 2014; Pursiainen et al. 2018 ) are potential contaminants, but their low rate (∼ 5% of the SNe rate) means that the chance of one occurring in ∼ 10 deg 2 is small. 5. Other rapidly evolving contaminants such as stellar flares can be common (see e.g., Berger et al. 2013; Cowperthwaite et al. 2018 ), but will be bluer and shorter lived than kilonovae. Furthermore, in the case of stellar flares, the quiescent counterpart will be clearly visible in pre-existing imaging.
6. The effects of contamination can be further mitigated by additional post-processing techniques such as matching potential candidates against catalogs of probable host galaxies as determined from the ALV distance and localization information.
Final Considerations
To summarize, we have shown that effective and efficient ToO follow-up observations of GW signals from ALV can be conducted using LSST. We argue that observations in g and z-bands with an integration time of ∼ 180 s each will be sufficient to robustly detect kilonovae. If we assume that LSST will require two sets of observations per 10 deg 2 of sky area to cover CCD gaps, then we estimate (including overheads) that LSST will require approximately 0.3 hours per epoch per 10 deg 2 observed. The total time investment then scales depending on choice of cadence (see Section 5.3).
Using the inferred BNS merger rate from O2, ALV at design sensitivity will detect ∼50 mergers per year. Assuming that roughly a third 4 of those events are observable by LSST, a typical localization region is ∼20 deg 2 for the network (LIGO, Virgo, KAGRA, and potentially LIGO-India), and five epochs of observing time; then this represents ∼50 hours per year of LSST time spent on follow-up. This is ∼ 1.5% of the total survey time. The total sky area observed will be ∼600 deg 2 . Therefore, the total time and area impact of such follow-up efforts are minimal compared to the total survey time and area. The impact of main survey science goals could be further mitigated if observations taken are able to be incorporated back into the WFD survey.
DISCUSSION AND CONCLUSION
We presented detailed simulated LSST observations of kilonovae in two distinct modes. First, we investigated the ability of LSST to detect and characterize kilonovae over the course of the regular WFD survey with several choices of cadence. Second, we investigated the effectiveness of triggered ToO observations in response to GW triggers. Our key results can be summarized as follows:
1. The WFD survey has an average efficiency for kilonova detection of ∼ 1 − 3%, with the WFDD cadence as the best performer. If we require the detection of a peak and color, then the efficiency drops to 0.5%. This efficiency is strongly a function of distance, peaking for nearby sources ( 0.2 Gpc), which is the typical detection distance for BNS mergers by the GW detector network.
2. Using the calculated efficiency, we find that the WFD survey will yield ≈ 3 − 6 kilonova detections per year, with the WFDD survey having the highest rate. These numbers decrease by a factor of 2 − 5 for events in which both the peak and color can be measured, with the WFDD survey having the smallest drop-off in efficiency. The distance distribution for the small number of detected events peaks at ∼ 0.2 Gpc, comparable to the average detection distance for BNS mergers by a GW detector network. Therefore, essentially all of the kilonova detected by LSST are likely to be detected in GW anyway.
3. We find that even the best kilonova light curves from the WFD survey will have insufficient data quality and light curve sampling to extract accurate physical parameters. Modeling the top ∼ 10% of detected kilonovae yield ejecta parameters that are poorly constrained and only accurate to within a factor of about 2 − 3. These best-case events correspond to 3 − 6 kilonova across the entire ten year survey.
4. Motivated by the poor performance of the WFD survey, and the fact that any detected kilonova are in any case within the GW network detection distance, we investigate LSST ToO follow-up of GW triggers. We find that such observations can be highly effective at detecting kilonovae, with a required exposure time of 300 s in any filter. Specifically, just 2 hours per 10 deg 2 per event will lead to a detection efficiency of 90%. We argue that observations in gz bands will provide a useful minimal set, with a time sampling that leads to rapid characterization and discovery. This minimal data set can of course be expanded on with additional filters and visits, but it represents a robust minimal time investment. In this context, LSST is most effective as a discovery instrument for the rapid identification of kilonovae candidates, which can then be handed off to other facilities for confirmation and further follow-up observations. Ultimately, we have shown that the cadence of the LSST main survey is poorly matched to kilonova timescales, leading to just a few, poorly-characterized detections per year. On the other hand, a modest investment of at most 2% of the WFD survey time can lead to robust detections of ∼ 200 kilonovae during the ten year mission, with the resulting events being well characterized, and equally important, supported by GW information that will allow true multi-messenger studies of the events. It is important to note that kilonovae discovered before the start of LSST operations will improve our understanding of the range of model behaviors. While this does not impact our conclusions about the WFD survey, it will allow us to develop better ToO strategies. Nevertheless, LSST has the clear potential to be the premiere GW follow-up instrument for both current and future generations of GW detectors.
